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SUMMARY 
Resu l t s  of a c ros s  check study of the  vacuum compa t ib i l i t y  of 
s e l ec t ed  polymers a r e  presented.  MSFC da ta  f o r  polystyrene and poly-  
methylmethacrylate a r e  compared w i t h  r e s u l t s  obtained by the  Nat ional  
Bureau of Standards.  The major f ind ing  was t h a t  temperature measure- 
ment methods a r e  sub jec t  t o  unexpected e r r o r s  and, thus ,  r e q u i r e  c a r e f u l  
eva lua t ion .  
INTRODUCTION 
Thermal-vacuum w e i g h m t u d i e s  -- _.__L a r e  important t o o l s  i n  the  
deveTupmmrxrd-CG"aIuati& of mater ia l s  T6r '  -launch and space v e h i c l e s .  
However, experimental  t e s t  r e s u l t s  for nominally s imi l a r  m a t e r i a l s  under 
supposedly s imi l a r  condi t ions  frequent ly  d isagree  , and a c t u a l  behavior 
i n  space has  been known t o  d i f f e r  f rom t h a t  p red ic t ed ,  e . g .  , Echo I. 
Thus, a method of t e s t  s tandard iza t ion  and comparison i s  needed. 
A s  a p a r t  of a r ecen t  i nves t iga t ion  of polymeric m a t e r i a l s  made 
on a c ra sh  b a s i s ,  i t  was necessary to determine vacuum compa t ib i l i t y  
a t  temperatures appreciably i n  excess of those normally used a t  t h i s  
Center .  Comparison of the r e s u l t s  with l i t e r a t u r e  va lues  suggested 
major d i sc repanc ie s .  Therefore ,  the e x t e n t  and cause of these  d i sc rep -  
a n c i e s  were inves t iga t ed  by a series of c ros s  check determinat ions 
c a r r i e d  ou t  i n  cooperat ion wi th  the Nat ional  Bureau of Standards.  
Polymers i n i t i a l l y  se l ec t ed  f o r  t h i s  study were polymethyl- 
methacry la te ,  po lys tyrene ,  and polytetrafluoroethylene. Tes t  temperatures 
were 260°C f o r  polymethylmethacrylate; 330°, 340°, and 360°C f o r  poly- 
s t y r e n e ;  and 520°C f o r  polytetrafluoroethylene. These temperatures were 
i n  the  range where d i f f i c u l t i e s  had been encountered i n  the  previous MSFC 
i n v e s t i g a t i o n  bu t  were wi th in  the  range of normal ope ra t ing  temperatures 
f o r  t he  Bureau of Standards.  The polymers se l ec t ed  were known t o  have 
thermal degradat ion ra tes  a t  these temperatures which permit p rec i se  
measurement i n  a reasonable  time period. 
The p ro jec t  was i n i t i a t e d  e a r l y  i n  1963, and the  f i r s t  series of 
This  r e p o r t  p re sen t s  a d e t a i l e d  d i scuss ion  of 
determinat ions was completed i n  November 1963; t he  second series was 
completed ' in  December. 
the r e s u l t s .  Also included a r e  the  r e s u l t s  of a r e l a t e d  k i n e t i c s  
s imula t ion  study of the  e f f e c t s  of heatup mode and temperature f l u c t u -  
a t i o n s  on weight loss  h i s t o r i e s .  
PRELIMINARY STUDIES 
The f i r s t  s e r i e s  of de te rmina t ions  was made wi thout  major modif i -  
c a t i o n s  of the t e s t  appara tus  o r  procedures .  
Table I summarizes the experimental guidelines and the material 
c h a r a c t e r i s t i c s .  F i f t e e n  experimental  r u n s ,  c o n s i s t i n g  of t r i p l i c a t e  
determinat ions f o r  each polymer/temperature combination, were planned 
f o r  the  f i r s t  s e r i e s  of t a s k s .  A s  i nd ica t ed  above, t h e  temperatures  
s e l e c t e d  were h igher  than those normally used f o r  m a t e r i a l s  weight l o s s  
s t u d i e s  i n  t h i s  l abora to ry ,  and,  a s  a r e s u l t ,  equipment was r epea ted ly  
damaged, e spec ia l ly  the  e l ec t roba lance  assembly. Subsequently,  i t  w a s  
learned t h a t  erroneous temperature readings  (and, consequent ly ,  erroneous 
weight l o s s  r a t e s )  r e s u l t e d  from these  a t tempts  t o  ope ra t e  a t  temperatures  
above those a t  which the equipment was designed t o  ope ra t e .  This  expe r i -  
ence and a l s o  s a f e t y  cons ide ra t ions  d i c t a t e  t h a t  t h i s  d i v i s i o n  forego  
the po ly te t r a f luo roe thy lene  ( 5 2 O O C )  s t u d i e s .  
Equipment 
The apparatus  and procedure used by the  Bureau of Standards have 
been described previous ly  (Ref. 1-6) .  A b r i e f  comparison of t he  equip-  
ment and procedures with those of MSFC a r e  included i n  Table 11. 
With the except ion of polymethylmethacrylate run number 1, which 
was made on a s i m i l a r  system, a l l  MSFC runs  were made on the  "4D" vacuum 
system shown i n  FIG 1 and 2 .  
A s  shown i n  FIG 1, the Cahn Model RA e l ec t roba lance  was mounted 
wi th in  the  b e l l - j a r  chamber. 
temperature con t ro l ,  was rep laced  by a Variac f o r  t hese  s t u d i e s .  
r eco rde r ,  the Cahn balance console ,  the  i o n i z a t i o n  gauge c o n t r o l l e r ,  
and the thermocouple gauge were housed i n  a sepa ra t e  c a b i n e t .  Aux i l i a ry  
r eco rde r s ,  as r equ i r ed ,  were employed f o r  the  t e s t .  The l i q u i d  n i t r o g e n  
f i l l  l i n e  f o r  t he  cold t r a p  was ba re ly  v i s i b l e .  The b e l l - j a r  s a f e t y  
shroud was not i n  p lace  f o r  the photograph. 
The Sargent  Thermonitor,  normally used f o r  
A 
The b e l l - j a r  conten ts  a r e  shown in  g r e a t e r  d e t a i l  i n  FIG 2 .  The 
The small cup contained 
photoce l l  assembly of t he  Cahn balance was damaged by overhea t ing  dur ing  
c a l i b r a t i o n ,  causing a de lay  i n  the program. 
b a l l a s t ,  and f i n e r  counterbalancing was accomplished by adding mil l igram- 
range weights t o  r ight-hand pan. An aluminum hemisphere con ta in ing  the  
sample, i l l u s t r a t e d  by the  foam specimen i n  the  photograph, was placed i n  
a c e n t r a l  l o c a t i o n  i n  the lava oven. 
o r i f i c e  was placed over t he  oven during the  t e s t s . )  The permanent h e a t  
s h i e l d s  were supplemented wi th  several  p i eces  of s t r a t e g i c a l l y  placed 
aluminum f o i l ,  and thermocouples were placed near c r i t i c a l  p o i n t s  t o  permit  
continuous monitoring of balance and be l l - j a r  temperatures .  Balance 
a r res tment  was provided by the  caging s h a f t ,  and the  pumping p o r t  was 
v i s i b l e  j u s t  below the  r ight-hand balance pan. 
(A s p l i t  l i d  w i th  a l l 4 - i n c h  diameter 
The vacuum system cons i s t ed  of a 13 cfm Welch mechanical pump and 
a NRC H-4-P four- inch d i f f u s i o n  pump r a t e d  a t  340 l i t e r s  per  second 
maximum pumping speed. 
Weight was monitored continuously by means of a Cahn Model RA 
e l ec t roba lance  having a capac i ty  of some 200 grams and a r a t e d  s e n s i t i v i t y  
of 0 . 1  mg a t  100 mil l igrams.  Cal ibra t ion  t o  a combined recorder-balance 
accuracy of more than 0.5 mil l igram for  a f u l l - s c a l e  d e f l e c t i o n  of 100 
mil l igrams (0-10 mv.) was maintained, 
The Vacuum Instruments  Company ion iza t ion  gauge f o r  low pressure  
measurement was operated a t  the  emission c u r r e n t  recommended by the  tube 
manufacturer.  The i o n i z a t i o n  gauge tube was a t t ached  t o  the  system 
between the  b e l l - j a r  and the  cold t rap ,  approximately s i x  inches below 
the  pumping p o r t .  
Temperature con t ro l  and measurement a re  discussed i n  the  fo l lowing  
s e c t i o n .  
2-1/2" c y l i n d e r ,  and the thermocouple used f o r  temperature con t ro l  and 
measurement d u r i n g . t h e  f i r s t  series was loca ted  on the oven a x i s  about  
l / 4 - inch  below the  specimen holder .  
p l i e d  a t  a cons tan t  vo l t age  t o  maintain the des i r ed  temperature l e v e l .  
The oven i n t e r i o r  was c lose ly  represented  by a 2-1/2" I D  x 
Power t o  the 250-ohm oven was sup- 
The system was o r i g i n a l l y  designed t o  achieve t o r r  with metal 
gaske t s  and bakeout of a s t a i n l e s s  s t e e l  b e l l - j a r .  Without bakeout and 
wi th  a Pyrex b e l l - j a r  and neoprene gaske ts ,  the  u l t ima te  vacuum i s  approxi-  
mately 5 x 10-7 t o r r .  
Experimental Procedure 
Before i n i t i a t i o n  of t he  MSFC experimental  runs ,  a l l  environment- 
sens ing  elements of the  appara tus  were c a l i b r a t e d .  Recorders were 
c a l i b r a t e d  by Minneapolis-Honeywell personnel and were checked i n  the  
l abora to ry  a g a i n s t  a potent iometer  to maintain an accuracy and p r e c i s i o n  
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of b e t t e r  than 2 0 .5  pe rcen t .  No c a l i b r a t i o n  beyond use of the emission 
c u r r e n t  recommended by the  manufacturer was a v a i l a b l e  f o r  the  i o n i z a t i o n  
gauge tubes used f o r  these  t e s t s .  The e lec t roba lance  was c a l i b r a t e d  
us ing  s tandard a n a l y t i c a l  weights  according t o  the manufacturer ' s  i n -  
s t r u c t i o n s ,  and the 0.5 mil l igram c a l i b r a t i o n  to l e rance  f o r  100 
mil l igrams f u l l - s c a l e  was allowed t o  d r i f t  u n t i l  p e r i o d i c  rechecking 
showed t h a t  i t  had reached 1 .0  mg, a t  which p o i n t  r e c a l i b r a t i o n  was 
r equ i r ed .  (Experience has  shown balance/recorder  l i n e a r i t y  t o  f a l l  
w i t h i n  t h i s  accuracy . )  The sensing thermocouples, checked p e r i o d i c a l l y  
and found t o  have l i t t l e  d r i f t ,  were l a s t  c a l i b r a t e d  approximately th ree  
months before  the  s t u d i e s  and were found to be wi th in  2 ° C  of the s tandard 
EMF t a b l e  va lues  up t o  300"C,  which was the  h ighes t  temperature checked. 
Meanwhile, a l l  specimens were s tored away from hea t  and l i g h t  i n  
co lored  b o t t l e s ,  i n  n i t rogen ,  w i th in  n i t r o g e n - f i l l e d  p l a s t i c  envelopes,  
j u s t  as they were rece ived .  During t r ans fe r  t o  the appa ra tus ,  they were 
exposed t o  ambient condi t ions  (40-557, humidity a t  75-80°F) f o r  less than 
f i v e  minutes.  
No s p e c i a l  f a b r i c a t i o n  o r  modif icat ion of specimens was r equ i r ed ;  
a d d i t i o n s  were made t o  the weighed, 1/2-inch diameter ,  0.010-inch aluminum 
f o i l  hemispherical  sample cup (FIG 3) u n t i l  65 mil l igrams were exceeded. 
The sample and cup then were weighed and placed wi th in  the  oven on a 
16-gauge s i l v e r  so lde r  wire p lanar  s p i r a l  which served a s  the specimen 
support  (FIG 3) .  This suppor t  was suspended from the  balance through the 
1/4- inch diameter  ho le  i n  the  oven l i d  by an ex tens ion  of the s p i r a l  
mater ia  1 . 
A f t e r  the  specimen was i n  p l ace ,  the  b e l l - j a r  and s a f e t y  s h i e l d  were 
added, and the  system was evacuated. When the  pressure  dropped below 
10-5 t o r r  , the  five-minute temperaturz e leva t io i i  cycle  was i i i i t i a t e d  so 
t h a t  the  oven temperatures slowly approached the  precondi t ion ing  
temperature ,  where i t  w a s  held f o r  a minimum of 12  hours .  Table I1 
desc r ibes  the time and temperature condi t ions  requi red  f o r  the va r ious  
specimens. Weight changes during the  i n i t i a l  heatup and the  precondi t ion-  
i ng  per iods  were i n s i g n i f i c a n t  i n  r e l a t i o n  t o  the ba lance / recorder  e r r o r  
t o l e rances  s t a t e d  above. 
Near the end of the precondi t ioning pe r iod ,  l i q u i d  n i t rogen  was 
added t o  the  cold t r a p  t o  a i d  i n  rap id  removal of v o l a t i l i z e d  fragments 
dur ing  the  subsequent weight l o s s  study a t  e leva ted  temperature .  A f t e r  
the t r a p  was f i l l e d ,  the recorder  speed was increased ,  and the balance 
zero was checked. Then the  temperature was r a i s e d  t o  the s p e c i f i e d  run  
temperature a s  r a p i d l y  a s  poss ib l e ;  usua l ly  l e s s  than f i v e  minutes were 
r equ i r ed  f o r  reasonable  s t a b i l i z a t i o n .  Frequent  Variac adjustments  were 
requi red  t o  maintain the des i r ed  temperature l e v e l ,  p a r t i c u l a r l y  dur ing  
the e a r l y  phase of the run .  
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At the end of the run, the oven was cooled, and the system was 
vented to the atmosphere. The sample cup and any reiiiaining specimen 
material were removed and weighed, providing a before-and-after check on 
the electrobalance accuracy. 
Results 
The experimental results obtained at this laboratory are shown as 
the dot-short dash (.-.-) lines and those by the Bureau of Standards 
as solid lines in FIG 4 through 7. Inspection of these figures indicates 
that the MSFC data exhibited weight loss rates greatly ih excess of those 
determined by the Bureau of Standards. The unexpectedly large error in 
this laboratory's data appears to have been due to one predominant factor, 
temperature measurement. Although the slopes for duplicate runs were 
similar, a number of factors in addition to disagreement with Bureau of 
Standards results indicated that the data should be questioned. Thus, 
the temperature for the polystyrene 340" and 360°C runs did not reach 
the desired levels until most of the material had vaporized. The rapid 
evaporation rate frequently caused the ion gauge to shut off, resulting 
in such rapid weight changes that the recorder printed only about three 
points between 20% and 80% weight loss. Furthermore, the molecular 
conductance from the oven into the bell-jar probably restricted the rate 
of loss for cases where such rapid evaporation occurred. Finally, no 
reasonable activation energy calculation was possible using the poly- 
styrene data. 
NOVEMBER MEETING OF PARTICIPANTS 
A meeting was held at the Bureau of Standards to discuss the 
problems which had arisen and to analyze the data. The consensus was 
that temperature measurement errors were the predominant cause for the 
extreme variability of the data. The magnitude of such errors was 
indicated by a brief kinetic analysis in which activation energies and 
frequency factors were calculated from NBS data. Using these values in 
the Arrhenius equation with the experimental weight loss data, it was 
estimated that actual sample temperatures differed by as much as 50°C 
for the laboratories. 
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ADDITIONAL STUDIES 
A f u r t h e r  r e s u l t  of the  review of i n i t i a l  r e s u l t s  was the  d e c i s i o n  
t o  undertake a second s e r i e s  of s tud ies  us ing  only  polys tyrene  a t  330" 
and 350°C. These s t u d i e s  were t o  be i n i t i a t e d  only a f t e r  remedial  a c t i o n  
t o  improve MSFC temperature measurement c a p a b i l i t y .  
The equipment and techniques , except f o r  temperature measurement 
were p k a c t i c a l l y  i d e n t i c a l  t o  those  of the  f i r s t  series. Before 
i n i t i a t i o n  of the  s t u d i e s  temperature g r a d i e n t s  w i t h i n  the  oven a t  
e leva ted  temperatures were s tudied  and found t o  be apprec i ab le ,  thus  
confirming i n d i c a t i o n s  drawn from comparison of i n i t i a l  r e s u l t s .  
Experimental 
In  an  e f f o r t  t o  r e c t i f y  thermal problems, t he  sample holder  was 
changed t o  a suspended r i n g  of 38-gauge s t a i n l e s s  s tee l  wire  suppor t ing  
a 1/4- inch diameter ,  0.010-inch hemispherical  aluminum cup which contained 
the  specimen. O f  g r e a t e s t  importance, however, i s  the  f a c t  t h a t  tempera- 
t u r e  f o r  the  second series of t e s t s  was measured by a 0.002-inch copper- 
cons tan tan  thermocouple placed so t h a t  when the  sample melted i t  engulfed 
the  junc t ion  dur ing  .the t e s t .  A typ ica l  r e s u l t  from the  second s e r i e s  
was a r ead ing  of 330°C on the copper-constantan thermocouple on the 
molten sample; t he  ad jacen t  thermocouple (used t o  i n d i c a t e  "oven 
temperature" dur ing  the  f i r s t  series) gave a corresponding va lue  of 265"C, 
and a thermocouple near  t he  bottom of the  oven gave a va lue  of 185°C. 
These thermocouples were c a l i b r a t e d  i n  a sand b a t h  a g a i n s t  a n  ord inary  
l abora to ry  thermometer and a r e  believed t o  i n d i c a t e  a c t u a l  temperature 
wi th in  & 3°C based on s tandard EMF tables .  
Resu l t s  
The d a t a  obtained from the  second s e r i e s  of s t u d i e s  ( F I G  8 and 9) 
r e p r e s e n t  a v a s t  improvement over f i r s t  s e r i e s  r e s u l t s  i n  terms of agree-  
ment wi th  Bureau of Standards d a t a ,  amenabili ty t o  reasonable  k i n e t i c  
a n a l y s i s ,  and r e p r o d u c i b i l i t y .  
The s l i g h t  v a r i a t i o n s  i n  the  s lopes of t he  curves i n  FIG 8 and 9 
probably r e s u l t e d  from b r i e f  temperature c o n t r o l  l a p s e s .  It i s  p a r t i c u -  
l a r l y  s i g n i f i c a n t  t h a t  smoothed-curve s lopes  a f t e r  one-half  hour a r e  
p r a c t i c a l l y  i d e n t i c a l  f o r  each of the th ree  330°C runs  and aga in  f o r  
each of the  th ree  350°C runs.  Using these smoothed s l o p e s ,  a zero order  
a c t i v a t i o n  energy of 39 k i l o c a l o r i e s  per mole was c a l c u l a t e d .  
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The above cons ide ra t ions  p l u s  the a p p l i c a t i o n  of d i r e c t - c o n t a c t ,  
c a l i b r a t e d  temperature measurement ind ica t e  t h a t  t he  second series of 
r e s u l t s ,  shown i n  FIG 8 and 9,  probably a r e  a s  accu ra t e  a s  poss ib l e  f o r  
po lys tyrene  under the  condi t ions  imposed by the g u i d e l i n e s  used f o r  t h i s  
i n v e s t i g a t i o n .  They a l s o  confirm the previous i n d i c a t i o n  t h a t  i n i t i a l  
d i f f i c u l t i e s  were due s o l e l y  t o  operat ion beyond the  range of cond i t ions  
f o r  which the  equipment and procedures were des igna ted .  
KINETIC SIMULATION STUDY 
During the  experimental  phases of t h i s  i n v e s t i g a t i o n ,  the e f f e c t s  
of ra te  and mode of heatup on the weight loss curves  became a matter of 
concern. Thus, the f a c t  t h a t  the time requ i r ed  f o r  hea t ing  the sample 
from the  condi t ion ing  temperature t o  t h e  run  temperature was always an  
apprec i ab le  p o r t i o n  of the  t o t a l  t e s t  t i m e  l ed  t o  specu la t ion  a s  t o  the  
importance of t h i s  v a r i a b l e  . 
Also, t he  e f f e c t s  of f l uc tua t ions  i n  sample temperature ,  p a r t i c u l a r l y  
a t  t he  beginning of each t e s t ,  were of i n t e r e s t .  Because these  problems 
d id  n o t  lend themselves to d i r e c t  so lu t ion  wi th  the experimental  equip-  
ment on hand, i t  was decided t o  carry o u t  a r e l a t i v e l y  s i m p l e  k i n e t i c  
s imula t ion  i n  which analog computation would be used t o  s tudy the  impor- 
tance of t hese  v a r i a b l e s .  
A genera l  review of py ro lys i s  l i t e r a t u r e  ind ica t ed  t h a t  a t  low 
temperatures  polystyrene tends t o  decompose by cha in  s c i s s i o n  t o  produce 
monomer o r  dimer u n i t s  from end un i t s  of the  polymer and, t hus ,  g ive  zero 
order  weight l o s s .  A s  temperature inc reases ,  the  o rde r  becomes h ighe r  
and more complex. Nea r - l i nea r i ty  of the  d a t a ,  a s  p l o t t e d  i n  FIG 8 and 9 ,  
suggested t h a t  under the  condi t ions  of t h i s  i n v e s t i g a t i o n  the process  
could b e s t  be descr ibed by the  use of a zero-order  k i n e t i c  equat ion .  
The procedure cons i s t ed  of s u b s t i t u t i n g  s e l e c t e d  temperature-time 
func t ions  i n t o  the zero-order Arrhenius equat ion ,  
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where : 
dw/dt = Weight l o s s  r a t e  
A = Arrhenius frequehcy f a c t o r  
Ea = Activat ion energy 
R = Gas cons t an t  
T = Absolute temperature 
and determining the  corresponding weight loss - t ime h i s t o r i e s .  Values 
used f o r  A and Ea were 4 .8  x 10-11 percent  per second and 39 kca l  per 
mole, r e spec t ive ly ,  and were es t imated  from the experimental  da t a  given 
i n  FIG 8 and 9 a f t e r  smoothing. 
Figure 10 shows the e f f e c t  of & 3°C cons tan t  temperature e r r o r s  f o r  
both 330" and 350°C runs .  The dev ia t ions  shown would more than mask the 
combination of a l l  mechanical and non-thermal ins t rumenta t ion  e r r o r s  
expected,  a s i t u a t i o n  which lends f u r t h e r  credence t o  the e r r o r  a n a l y s i s  
of r e s u l t s  fo r  the f i r s t  s e r i e s  of t e s t s .  
The e f f e c t s  of s inuso ida l  5°C temperature o s c i l l a t i o n s  having a 
per iod of one hour a r e  shown i n  FIG 11. 
weight loss  behavior expected without  these  o s c i l l a t i o n s .  It i s  noted 
t h a t  the so l id  l i n e s  l i e  about the  dashed l i n e s  because i n t e g r a t i o n  of 
the  exponent ia l  terms over a per iod of time g ives  g r e a t e r  weight t o  
higher  temperatures and y i e l d s  a more r ap id  weight l o s s  than would 
maintenance of s t r i c t l y  i so thermal  cond i t ions .  
The dashed l i n e s  r e p r e s e n t  the 
Figure 12  shows r e s u l t s  of four  modes of heatup,  a l l  s t a r t i n g  a t  
room temperature and becoming cons tan t  a t  330°C. 
except  t h a t  the f i n a l  temperature i s  350°C. 
F igure  13 i s  s i m i l a r  
Mode 1 simulates  ins tan taneous  a t ta inment  of programmed run  
temperature and, thus, p r e d i c t s  immediate a t ta inment  of a s teady  r a t e  of 
weight l o s s ,  
Mode 2 r ep resen t s  an  asymptotic approach t o  run  temperature a t  
such a r a t e  t h a t  the temperature i s  wi th in  10°C of the programmed va lue  
i n  150 seconds, thus r ep resen t ing  the  heatup mode expected from a 
propor t iona l - type  c o n t r o l l e r .  The r e s u l t i n g  weight l o s s  curves  l a g  
behind those f o r  mode 1 hea t ing  b u t  a t t a i n  the same weight l o s s  r a t e  
upon reaching the  programmed temperature . 
Mode 3 f e a t u r e s  a l i n e a r  heatup wi th  a damped s inuso ida l  
o s c i l l a t i o n  upon a t ta inment  of the des i r ed  temperature.  The overshoot  
i s  i n i t i a l l y  1 0 ° C  and p r a c t i c a l l y  d isappears  a f t e r  about  f i v e  l-minute 
pe r iods .  Only s l i g h t  f l u c t u a t i o n s  r e s u l t  i n  the  corresponding weight 
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l o s s  curves ,  and, aga in ,  the  f i n a l  s lopes a re  the  same a s  before  when 
the  temperature becomes s t a b i l i z e d  a t  t h e  equ i l ib r ium l e v e l .  
Mode 4 i s  cha rac t e r i zed  by the same l i n e a r  heatup as mode 3 bu t  
does n o t  have the  subsequent damped o s c i l l a t i o n s .  The weight l o s s  
curves  were s imi l a r  t o  those f o r  mode 3. 
A l l  c a l c u l a t i o n s  were performed on an  e l e c t r i c a l  ana log  computer 
where the heatup curves were programmed as the corresponding d i f f e r e n t i a l  
equat ions ;  the  temperature i n t e g r a l  f o r  these  was used a s  inpu t  t o  the  
Arrhenius  equat ion.  I n t e g r a t i o n  of the  l a t t e r  provided the  weight-t ime 
curves shown i n  FIG 12 and 13. 
From the  foregoing,  i t  can be seen t h a t  the  heatup mode i s  important 
i n  determining the  amount of weight t h a t  i s  l o s t  a f t e r  a given time bu t  
r e l a t i v e l y  unimportant i n  i t s  inf luence on the weight l o s s  r a t e  and 
subsequent k i n e t i c  a n a l y s i s .  This t rea tment  has  provided an  e s t ima te  of 
the  in f luence  of cons tan t  thermal e r r o r s  and of f l u c t u a t i o n s  about  the 
programmed temperature l e v e l .  It is noteworthy t h a t  symmetrical f l u c t u -  
a t i o n s  do n o t  r e s u l t  i n  a cance l l a t ion  of e r r o r s  because the  r a t e  behavior 
is an exponential rather than  linear func t ion  of t e m p e r a t u r e .  Although 
a l l  of these  f ind ings  would be an t i c ipa t ed  without  the  computer s tudy ,  
t h i s  technique provides  a graphic ,  reasonably accu ra t e  p i c t u r e  of the  
magnitude of such e f f e c t s .  
SIGNIFICANCE OF MECHANISM 
OF WEIGHT LOSS TO THE METHOD OF REPORTING RESULTS 
Because of the  d i f f e r e n t  methods of r e p o r t i n g  weight l o s s  da t a  noted 
dur ing  review of r e c e n t  l i t e r a t u r e ,  i t  i s  considered appropr i a t e  t o  re-  
s t a t e  t h i s  d i v i s i o n ' s  p o s i t i o n  on the mat te r .  
Vacuum pyro lys i s  of polymeric m a t e r i a l s  of multimolecular o r  g r e a t e r  
th ickness  involves  three  major mechanisms: degrada t ion ,  d i f f u s i o n ,  and 
evapora t ion .  F u r t h e r ,  f o r  those mater ia l s  degra'ding a t  a temperature 
above the melt ing p o i n t ,  convection can supplement d i f f u s i o n  i n  t r a n s -  
p o r t i n g  ma te r i a l  t o  the specimen sur face .  The r a t e  of weight l o s s ,  
measured i n  experiments such a s  the p re sen t  study, i s  inf luenced  by a l l  
t h r e e  bu t  may be con t ro l l ed  by any combination o r  permutation of the  
mechanisms, except  t h a t  evaporation i s  always the f i n a l  s t e p  i n  the  
process .  The presence of p l a s t i c i z e r s  and/or  so lven t s  w i th in  the polymer 
f u r t h e r  complicates the process .  
For a degrada t ion-cont ro l led  process ,  o rd inary  chemical k i n e t i c s  
o f t e n  serves  as  an adequate mechanistic r e p r e s e n t a t i o n  al though d i v e r s i t y  
of fragmented spec ies  and inhomogeneity of the  mat r ix  in t roduce  compli- 
-cations.  Simple i n t e g r a l - o r d e r  chemical k i n e t i c s  probably i s  most of t en  
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chosen f o r  descr ib ing  polymer p y r o l y s i s ,  b u t  such a t rea tment  cannot be 
j u s t i f i e d  unless  i t  can be shown t h a t  mass t r a n s p o r t  (d i f fus ion  and 
evaporat ion)  o f f e r s  n e g l i g i b l e  r e s i s t a n c e  t o  weight l o s s .  
Diffusion-l imited cases must be descr ibed  i n  terms of o v e r a l l  
specimen geometry, and t h e i r  behavior i s  h igh ly  dependent on material 
th ickness .  Reporting weight l o s s e s  a s  r a t e s  (weight change/uni t  time) 
i n  such ins tances  i s  no t  sound p r a c t i c e  because the  compositions of t he  
d i f f u s i n g  mater ia l  and the  surrounding mat r ix  vary  wi th  t i m e ,  p a r t i c u l a r l y  
f o r  heterogeneous ma te r i a l s .  I n  t h i s  sense ,  polymers conta in ing  spec ie s  
of vary ing  chain length  must be regarded as  inhomogeneous. 
For evaporat ion-control led weight l o s s ,  t h e  r a t e  i s  ins tan taneous ly  
su r face - spec i f i c  b u t  can be r epor t ed  i n  t h i s  manner only when the  
composition of the vapor iz ing  ma te r i a l  does n o t  change wi th  t h e  f r a c t i o n  
evaporated.  
Various permutations and combinations of these  mechanisms, where 
more than one apprec iab ly  in f luences  weight l o s s  r a t e s ,  become more 
complex and l e s s  suscep t ib l e  t o  adequate r e p r e s e n t a t i o n  a s  a r e a - s p e c i f i c  
or  t ime-spec i f ic  phenomena. 
The k i n e t i c  s imula t ion  included i n  t h i s  r e p o r t  i s  n o t  intended a s  
an  impl ica t ion  t h a t  the  da t a  from t h i s  s tudy n e c e s s a r i l y  i n d i c a t e  a 
degrada t ion-cont ro l led  process .  I n s t e a d ,  t he  method of s imula t ion  was 
used t o  obta in  a reasonable  approximation of t he  thermal dependence of 
the degradation phase of weight loss .  
I t  i s  f o r  the  above reasons t h a t  t h i s  l abora to ry  has  emphasized 
and cont inues t o  emphasize the importance of complete weight - loss  
h i s t o r i e s  a s  the  most f o r t h r i g h t  form , for  r e p o r t i n g  weight l o s s  da t a .  
Representat ion i n  terms of degrada t ion ,  d i f f u s i o n ,  and evapora t ion  s t e p s  
would be equal ly  appropr i a t e  and t e c h n i c a l l y  supe r io r  s i n c e  i t  would 
provide d i r e c t  s c a l i n g  of r e s u l t s  t o  o t h e r  condi t ions .  However, 
s u f f i c i e n t  information usua l ly  i s  n o t  a v a i l a b l e  t o  permi t  q u a n t i t a t i v e  
determinat ion of e i t h e r  r e l a t i v e  o r  abso lu t e  rates a s s o c i a t e d  w i t h  
these  d i f f e r e n t  mechanisms. 
CONCLUSIONS 
G s  i nves t iga t ion  cons is ted  of i r o s s  check s t u d i e s  on s e l e c t e d  
polymers by two l a b o r a t o r i e s  i n  an  e f f o r t  t o  compare and t o  s t anda rd ize  
weight lossmeasuztement tschniques under vacuum cond i t ions .  
r e s u l t s  were compiled, d i scussed ,  and analyzed dur ing  a meeting of 
p a r t i c i p a n t s ,  and f u r t h e r  work was planned. Subsequent experiments 
i nd ica t ed  tha t  t he  e r r o r  a n a l y s i s  of the  i n i t i a l  r e s u l t s  and subsequent 
equipment modif icat ions r e c t i f i e d  problems r e s u l t i n g  from t r y i n g  t o  
ope ra t e  under condi t ions  normally n o t  encountered i n  similar work a t  
t h i s  Center .  
The i n i t i a l  
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The f ind ing  of s ingu la r  importance from the p r o j e c t  a t  t h i s  s t a g e  
was the  gross  temperature devia t ions  from l e v e l s  thought t o  be main- 
t a ined ,  pr imar i ly  a consequence of an overextension of equipment 
c a p a b i l i t i e s .  
magnitudes should be of i n t e r e s t  t o  every worker i n  the  thermal-vacuum 
mate r i a l s  sc ience  a r e a .  
The f a c t  t h a t  thermal problems can occur i n  the  observed 
A need f o r  more c a r e f u l  c a l i b r a t i o n  and checkout i n  the  always- 
d i f f i c u l t  a r ea  of temperature control  and measurement i s  apparent .  
However, these  comments a r e  n o t  intended a s  an inference  t h a t  da t a  
published previously should be questioned because of these  f ind ings .  
Data publ ished e a r l i e r  by t h i s  laboratory were obtained under cond i t ions  
and f o r  m a t e r i a l s  much more appropr ia te  t o  the  equipment and procedures 
than those involved i n  the  cu r ren t  i n v e s t i g a t i o n .  
Discussions of the  r e s u l t s  indicated a need f o r  r ecogn i t ion  t h a t  
r e p o r t i n g  of data  i n  forms o ther  than weight-time h i s t o r i e s  can lead  
t o  m i s i n t e r p r e t a t i o n .  
mechanism ope ra t ive  f o r  any given m a t e r i a l / t e s t  environment combination 
i s  demonstrated,  r e p o r t i n g  of data  on e i t h e r  an a r e a - s p e c i f i c  o r  time- 
s p e c i f i c  b a s i s  i s  no t  j u s t i f i e d .  
Until  f u l l  de l inea t ion  of t he  weight l o s s  
The b r i e f  k i n e t i c  a n a l y s i s  showed t h a t  e i t h e r  cons tan t  o r  f l u c t u a t -  
However, heatup mode and r a t e  i n g  thermal e r r o r s  a r e  indeed c r i t i c a l .  
probably have l i t t l e  i n f luence  on the u l t i m a t e  weight l o s s  r a t e s  i f  
s e r i o u s  overheat ing does n o t  r e s u l t  i n  a change i n  b a s i c  polymer 
s t r u c t u r e .  
s i m p l e  and f l e x i b l e  t o o l  f o r  i nves t iga t ing  the  e f f e c t s  of changing 
ope ra t ing  condi t ions .  
Analog s imula t ion  of the r e a c t i o n  k i n e t i c s  provides  a 
With pr-oper.and thorough planning and p repa ra t ion ,  comparison p r o j -  
e c t s  of t h i s  type a r e  of g rea t  value i n  s tandard iz ing  procedures.  The 
r e s u l t s  provide an  i n d i c a t i o n  of e r r o r s  encountered and permit compari- 
son and s e l e c t i o n  of equipment and methods. 
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TABLE I1 
COMPARISON OF EQUIPMENT AND TEST CONDITIONS 
Sample Size and Special 
Preparation 
Time Required t o  Heat 
t o  Run Temperature 
Pressure, Torr 
Balance Type 
Temperature 
Control 
Pump Fluid 
Cold Trap 
Pressure Gauge 
QPe 
Thermocouple : 
Type 
Changed 
Moved 
MSFC 
65-130 mg 
None 
<5 min. 
10-3 - 10-6 
Cahn Electro- 
balance, Type RA 
Manual, const.  
voltage 
Octoil  
Some times 
Y . I . C .  
Ionization 
Copper-Constantan 
No 
No 
NBS 
Thin slices 
6 mg 
Very shor t  
(0 on 504 gauge) 
< io  -5 
Tungs ten  Helix 
on-of f 
Mercury 
Ye s 
Piran i  
Chrome1 -Cons tantan 
No 
No 
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F I G U R E  1. VACUUM SYSTEM USED FOR MSFC S T U D I E S  
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FIGURE 2. CONTENTS OF BELL-JAR FOR MSFC VACUUM SYSTEM 
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FIGURE 3 .  SAMPLE AND OVEN USED FOR MSFC TESTS 
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